Introduction
Since the discovery of intrinsically photosensitive retinal ganglion cell (ipRGC) in the human retina, it has been suggested that it is possible to use light to control levels of alertness. The alerting effects of light are often explained by its mediating effect on melatonin suppression 1) . Nevertheless, this explanation can only apply at night, because during the daytime, melatonin levels are low.
It is likely that the mechanism behind the alerting effects of light involves melanopsin, the photopigment in ipRGCs 2) . Melanopsin is most sensitive to blue light with wavelengths of around 480 nm 3)4) . There is evidence that melanopsin is involved in light-induced alertness during night time 5) . It has, however, not yet been established whether melanopsin plays a role in daytime alertness as well.
The action spectrum of melanopsin has been defined using quasi-monochromatic light exposure. Therefore there have been many studies examining whether it is possible to enhance daytime alertness, by exposing subjects to blue light of a narrow spectrum 6) . The call for new recommendations in general lighting, has, however, raised a need to investigate whether alertness can be affected by light of a continuous spectrum. For this purpose, it was more sensible to setup a test bed with light sources of wider spectral distribution.
The search for a light spectrum that is beneficial to both the visual, and the non-visual systems of perception, has turned into a comparison of the effects of light sources of differing correlated colour temperatures. In a study conducted between February and May 2006, Mills and co-workers 7) used five items of the SF-36 questionnaire, and a modification of the Columbia Jet
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However, there are two things that should be investigated before the alerting effect of high Tcp light can be verified, and generalized to apply in other environments. Firstly, in the two experiments 7)8) there was no control over the additional exposure to light outside the working hours. Thus it is not known whether previous light exposure or other environmental and subject dependent factors could have influenced alertness. Considering e.g. that the alerting effect of coffee is wellestablished 9) , and exposure to daylight has been proven to enhance alertness among office workers 10) , the involvement of other factors in mediating alertness needs to be clarified. Secondly, it is worth investigating the effect of dependency on the time of day. Van Bommel has suggested that the right combination of action and relaxation in a working environment could be achieved by following the human rhythm with artificial dynamic lighting 11) . In this scenario, light should be cool-white at wake-up time, and turn more warm-white towards the midday, to create a relaxing atmosphere for lunchtime. After lunch a sharp rise in colour temperature would reactivate the body for work.
In this study, the effect of Tcp on daytime alertness was examined when other possible external factors were taken into account. A test setting that exposed the subjects to two light sources, differing in their Tcp, was built in a lecture hall. The objective of the study was to observe the effects of light source colour temperature on alertness, using both high Tcp light and low Tcp light.
Moreover, these tests were designed to investigate whether the subjects' reaction to light of a certain Tcp is dependent on the time of day or year.
Methods and subjects 2.1 Background and basic design
The study took place in Helsinki (60°10'N and 24°56'E), where due to its geographic location, the availability of daylight varies between 6 and 19 hours, depending on the time of year. To observe the seasonal effects on the study results, the study was conducted in two stages; first stage in late spring and second in late autumn. The amount of daylight hours was approximately 12 hours in the first, and 9 hours in the second stage.
The basis of both experiments was the same. In the latter experiment the study protocol was improved. The improvement was based on feedback from the subjects of the first experiment. All experiments were conducted in lecture environments with university students as subjects.
The test environment was designed so that it would be as natural as possible for the students. Therefore the experiments were carried out while the subjects were attending university courses. Lecturers, course content and lecture session topics varied between the different sessions studied. The effect of these variables on alertness was tested by asking how interesting the lecture felt. This was done at the end of each lecture. The illumination levels and illumination distribution were set to be suitable for visual tasks, such as reading the lecture slides and taking notes. No daylight was allowed in the lecture hall.
Physical setting
Both experiments were conducted in a 620 m 2 amfishaped lecture hall equipped with 69 OfficeNova 240TCS luminaires with D6 optics by Philips Oy Luminaires. In each luminaire there were two different 49 W light sources: T5 lamp with Tcp of 4,000 K (Ra>80) and Philips ActiViva lamp with Tcp of 17,000 K (Ra>80).
Both lamps were equipped with electronic ballasts and were dimmable. The lighting control system Helvar DIGIDIM used DALI-protocol. In this paper the lighting environments will be referred as 4,000 K ( Figure 1 ) and 17,000 K ( Figure 2 ) environments according to the light sources. 
Illuminance
The two light sources were used randomly in turns so that in half of the lectures of each experiment the lighting was provided by 4,000 K and in half of them by 17,000 K flourescent lamps. The lighting conditions were alike except for the light spectrum. Based on a pilot study the horizontal illuminance in the hall was set to 800 lx (measured at 0.8 m in all studies) in the first study. However, feedback from the subjects indicated the need to increase the illumination level. Hence, in the second study the illuminance was set to 1,000 lx. At the same time the illuminance uniformity (Emin/Eave) improved from 0.7 to 0.8.
Timing and duration of the light exposure
Both experiments included tests at two different times of the day, morning and afternoon. In the first stage in spring, the lectures took place between 9:15-10:45 and 12:15-13:45. For the second stage the lectures were chosen so that there would be a longer time period between them. Therefore the lectures in autumn were held between 8:15-9:45 and 14:15-15:45. In both experiments the test period was 6 weeks during which 10 lectures took place. The morning and afternoon lectures were held on different weekdays to avoid order effect with different light sources. Each lecture was of 90 minutes duration with no breaks.
Protocol
The subjects were assigned a personal identifier and they were asked to fill in questionnaires both before and after each lecture. The subjects were not informed that this was a study of lighting. They were told that the study is about environmental factors in a learning situation. The lecturer was aware of the study but did not take part in it.
In both experiments each subject filled a prequestionnaire which linked the age, sex and the identifier that the subjects used throughout the entire study. One essential part of the pre-questionnaire was Morningness-Eveningness -Questionnaire 12) . This questionnaire was used to determine the chronotype of the person. Chronotype is an attribute of human beings reflecting whether they are alert and prefer to have their activities early or late in the day 13) .
Subjective evaluation forms consisted of 9-step Karolinska Sleepiness Scale (1 referring to "very alert" and 9 to "very sleepy, fighting sleep, an effort to keep awake") 14) . There were also questions about environmental factors such as air draughts, heat, noise levels, and how the lecture felt in terms of the interest in the lecture. In the experiments, alertness was marked down before and after the lecture, while the other questions were only answered at the end.
Because of the nature of the study (a random sample of students as subjects, real life test-setting) the subjects were not asked to follow a certain sleep-wake routine throughout the study. Instead, the use of stimulants, such as coffee, energy drinks etc., and eating before the lecture were recorded and taken into account in the data analysis.
The room temperature and CO2-concentration in the lecture hall were measured at the beginning and at the end of each lecture in both experiments. The second study also included measuring the illuminance in the corridor and outside the building. This was done to provide data about the lighting conditions the subjects had been exposed to immediately preceding the lecture. For the same reason, the subjects were asked about their movements within the past hour.
Subjects
16 university students participated in the spring study (all male; age range 22-27 years; mean 24±1.3 SD). Based on the pre-questionnaires, 6 subjects of the 16 were categorized as "morning type" and 2 subjects as "evening type" by their chronotype. Eight subjects were neither evening nor morning type and were thus classified as "neither type". In the autumn study there were a total of 138 university students (17 female, 121 male; age range 19-30 years; mean 22±1.8 SD). By chronotype grouping, 33 were "morning type", 22 "evening type" Figure 3 Light spectra measured in the lighting environments under the two light sources. Tcp provided by 4,000 K light source was 3,870 K and by 17,000 K was 12,370 K.
and 83 "neither type". No student was able to participate in any more than one of the studies. Because attending lectures is voluntary, the amount of participants decreased in each study as the course progressed. On average, each subject took part in 46% of the lectures in the first study (73 returned answer sheets) and 22% of the lectures in the second study (309 answer sheets). One answer sheet was provided, per subject, per participated lecture.
Data analysis
To investigate the effect of lighting on students' alertness throughout the entire course, all observations were used in the analysis instead of choosing, for example, the lecture with the greatest amount of participants, i.e. the largest sample. Statistical analysis of the repeated measures was carried out with Statistic Package for the Social Science (SPSS). The significance level was set to 0.05 in all comparisons. Comparing the alertness at the end, to the alertness at the beginning of the lecture, was done by using two-tailed paired Student t-test and its probability value Pt. This t-test is a special case of ANOVA that assesses whether the means of two groups are statistically different. The relationship between the Tcp and the change in alertness was measured with the Pearson Chi-Square test, appropriate for assessing associations of categorical variables. This was done for each lighting condition separately. Finally, the factoring of the lecture content, prior lighting conditions, use of stimulants, consumption of food, chronotype of the subject and environmental factors in the results, was analyzed by adding layers in the cross tabulation. In order for the correlation of the Tcp and the change in alertness to apply despite the factors mentioned, the majority of the Pearson Chi-Square values Pcs had to be within the significance level of 0.05 with each added layer. In simple correlations of two continuous variables Pearson's correlation coefficient r was calculated. Unfortunately spring and autumn data could not be compared due to the adjustments in study design (illuminance, lecture times etc.), and also the major difference in sample sizes.
Results

Change in alertness
The students were more alert at the beginning of the lecture in the autumn experiment (4.4±1.8 SD, median 4) compared to the spring experiment (5.0±1.5 SD, median 5). Due to the differences in the experiment setting and the subjects, it was however, not possible to determine whether the students had come to the lecture significantly more alert in autumn than in spring.
The individuals were of different state of alertness when they arrived to the lecture. To be able to compare the effect of the Tcp between subjects and lectures, the effect was evaluated in terms of the changes in alertness instead of the absolute values of alertness at the beginning and at the end of the lecture. Therefore the change from 1 to 4 was considered the same as the change from 5 to 8; hence in both cases the alertness decreased three steps despite whether it remained in the "alert" or in the "sleepy side" on the Karolinska Sleepiness Scale.
In spring, students' alertness decreased 0.2-0.4 points ( Table 1 ) on average during the lectures. According to the paired t-test the change was not significant in any of the four lighting conditions (Pt>0.05). As for autumn, the change proved to be significant. In all lighting conditions in autumn it was very unlikely that the alertness did not change (Pt=0). As presented in column "Mean" in Table 1 , in the morning lecture the alertness decreased on average 1.3 points with Tcp=4,000 K, and 1.4 points with Tcp=17,000 K. In the afternoon the decreases were 2.3 points and 1.0 points respectively. The change in alertness with each lighting condition is presented in Figures 4a-d. 
Effect of Tcp and timing of exposure on alertness
In spring there was shown no difference in the change in alertness that could be explained by the used light source. That applied both the morning and the afternoon lecture as seen in Table 2 . As for in the autumn study, the alertness changed significantly differently, depending on whether light of low Tcp or high Tcp was used (Pcs=0.019<0.05). Compared to low Tcp, exposure to 
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The Illuminating Engineering Institute of Japan light of high Tcp helped the students to better retain their alertness in afternoon hours when the post-lunch dip effect is the strongest. In the morning lectures Tcp of the light had no effect on the changes in alertness (Pcs=0.899>0.05).
Variables factored in the correlation of Tcp and
change in alertness in autumn afternoon To verify the results presented in 3.2, it was investigated whether the effect of the Tcp was independent from the lecture content and person's choronotype. Statistical assessment was also carried out to find out whether the Tcp affected differently the alertness of those who had come to the lecture from outside compared to those who had spent the hour prior to the lecture inside. Same kind of assesment was applied to those who had eaten or taken stimulants prior to the study and to those who had not. In addition to these comparisons the environment was factored in. The cross tabulations of these variables possibly influencing the relation of Tcp and change in alertness are presented in Table 3 and Table 4 .
The analysis of the data showed that on scale from 1 "not interesting at all" to 5 "very interesting", the amount of interest the subjects had in the lecture did not affect the result but the correlation between the Tcp and the change in alertness applied independently from the lecture. This can be seen in Table 3 where the majority of the Pcs-values for lecture factor are within the signifigance level 0.05. It indicates that there was only a small possibility that the detected correlation between the Tcp and the change in alertness would not have applied then the lecture was factored in. In addition, the Chi-Square test showed that the relation between the Tcp and the change in alertness, did not depend on subject's chronotype. Instead, the reaction to the colour temperature appeared to be similar in the majority of the chorotype cathegories (Pcs=0.020 and 0.049<0.05).
Pcs-values for prior exposure to light were found to be below 0.05, indicating that the correlation between the Tcp and the change in alertness, was independent from lighting conditions that the subjects were exposed to prior to the lecture. However, it was not recorded how long each subject had spent time in the previous lighting conditions. Therefore, to be able to fully exclude the effect of prior exposure on the changes in alertness during the test, the lighting conditions should have been investigated more thoroughly.
Using stimulants, such as coffee or energy drinks, was shown to have some effect on the results suggested in 3.2. Subjects who had taken stimulants were less likely to respond to the Tcp with changes in alertness compared to those who had not. In fact, the correlation of the Tcp and the change in alertness in autumn afternoon applied only with stimulant-free subjects (Pcs=0.025<0.05). Also eating before the lecture was found to influence the correlation, even so that those subjects who had eaten before the lecture were not found to react to the high Tcp (Pcs=0.123>0.05).
As presented by the length of the vertical bars in Figure 5 , the room temperature and CO2-concentration varied some during the lectures. The variation of CO2-concentration correlated positively with the number of subjects attending the lecture (r=0.975) and the concentration was the highest in the lecture with the highest number of subjects. The amount of CO2, however, never rose above 800 ppm, a value often considered at which the air starts to feel stuffy 15) . The room temperature remained between 20°C and 22°C throughout the test period and its variation was hardly influenced by the number of subjects (r=0.271). According to the statistical analysis the room temperature and CO2-concentration did not have an effect on the relation of Tcp and changes in alertness.
In subjective assessment of the environmental factors the air quality, dustiness, smelliness, air dryness, draughtiness, heat and noisiness scored 3 on average, which referred to neutral feeling on a scale from 1 "too hot" to 5 "too cold". As presented in Table 4 the statistical analysis showed no correlation between the environmental factors in question and the subjects' reaction to the colour temperature. Therefore the effects that the Tcp had on alertness can be considered independent from the indoor climate.
Discussion
In autumn alertness decreased significantly during the lectures. This was not seen in spring. One possible explanation to this is the difference in the amount of daylight available outside the test hours. Although in theory the length of the day did not differ much between spring and autumn studies (12h and 9h respectively) the intensity of daylight that the subject was exposed to prior to the test period, depended on the timing of the lecture.
In spring the lectures were held on both sides of noon when the Sun is at it's zenith. Outside illuminance was measured to be approximately 4,000 lx prior-to-morning lecture and 30,000 lx prior-to-afternoon lecture (measured vertically at 1.6 m, i.e. eye level in open space). In autumn, the outdoor illuminance prior to the morning lecture, was below 100 lx due to the earlier timing of the lecture and later sun rise. The afternoon lecture was held later than in spring and the outdoor illuminance was approximately 2,000 lx. Therefore, it is clear that the students were exposed to much more light prior to the lectures in the spring study compared to the study in autumn. Because the indoor light conditions were also different in the two stages, it is, unfortunately not possible to verify the role of daylight in the changes in alertness in this study. There is, however, reason to believe that the whole light history plays a role in the determination of the alertness, not only the artificial lighting during the lecture. 
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Such effect was not seen in the spring study. One likely explanation to that lies in the hormonal activity of human that varies at different times of the day from morning to afternoon.
According to the previous studies cortisol levels are high and body temperature low in the morning. In the afternoon the levels are controversal 18)19) and work performance decreases between 1pm and 4pm 20) . This dip in performance during the midafternoon hours is often referred to as the post-lunch dip effect.
In autumn the first lecture was held early in the morning (8:15-9:45) and the afternoon lecture late in the afternoon (14:15-15:45) when the post-lunch dip appears strong. As for in spring the lectures were held at times (9:15-10:45 and 12:15-13:45) close to the noon before the real dip-time. The earlier timing of the afternoon lecture in spring can well explain why no effect of the Tcp on the changes in alertness was seen in the afternoon lecture in spring; Tcp played a role only during the real post-lunch dip time.
Due to the post-lunch dip it was expected that the alertness would decrease more in the late afternoon lecture than in the morning in autumn. That applied however, only to the lecture with the 4,000 K lighting condition. When 17,000 K light source was used the dip did not occur. Instead, using 17,000 K as the colour temperature of the light source helped the students to better retain their alertness in the afternoon lecture.
These results are in line with the claim that cool light stimulates and activates the body 21) . They indicate that might be possible to control the alertness with the colour temperature of the light. With that they support the scenario of Van Bommel to use dynamic lighting that allows changing the colour of the light at different moments of the day 11) .
It has been suggested that the phenomenon of postlunch dip can occur even when the individual has not had lunch 22) . However, in this study there was found a significant correlation between those who had had lunch prior to the lecture and the way Tcp affected alertness. In fact, eating was found to promote tiredness in afternoon hours decreasing the alerting effect of the light.
Also stimulants were found to mask light's effect. It has been proven that e.g. caffeine (the active substance of coffee, tea, energy drinks and many soft drinks) reduces physical fatigue and restores mental alertness 22) . In this study it was seen that those subjects who had taken stimulants were less likely to respond to the Tcp with changes in alertness. However, the questionnaire did not provide information about normal caffeine consumption of the subject. Therefore it was not known, whether the subject was e.g. deeply addicted to caffeine and needed a certain amount to gain the stimulating effects, or whether he had perhaps, missed his daily portion and was suffering from its absence.
Conclusions
The present study broadly investigated how white light of two different correlated colour temperatures (4,000 K and 17,000 K) affects students' alertness in a real lecture environment. In the autumn study the correlated colour temperature (Tcp) of the light condition during the lecture correlated with changes in alertness in afternoon hours. By exposing the student to cool white light of 17,000 K, afternoon tiredness caused by diurnal hormonal cycles could be reduced. In spring no correlation between the Tcp of light and changes in alertness was detected. In fact, in the spring study, the students remained better alert during all lectures, supposedly due to the more intense exposure to outdoor daylight outside the lecture hours.
Eating was found to promote the post-lunch dip even in the presence of the cool white light. Because the link between eating and the dip in alertness has not been fully established, this should, however, be further investigated. Caffeine induced same kinds of effects as cool white light, indicating that the alerting effect of the 17,000 K light applies only with the stimulant-free subjects. Lecture content and environmental factors, on the other hand, did not affect the relation of Tcp and changes in alertness.
The study provides us information about the effects of exposure to blue-enriched white light during autumn afternoon hours in a lecture setting. This information is valuable because it shows that there might not be need to use special light treatment to improve alertness but that positive effects could also be achieved by using 
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The Illuminating Engineering Institute of Japan general light of certain Tcp at certain time of day and year. The results of the study support the idea of dynamic lighting in terms of varying the colour of light from morning to afternoon following the hormonal activity. It is essential to note that this study investigated student groups' reactions to different lighting conditions. If the same was done to individuals, more careful analysis of subjects' chronotypes and daily rhythms and routines would be needed. It is clear that the richness of the study lies in the real life test setting. However, the findings remind us about the importance of studying the variables that might have a masking effect on the relation of light and alertness. This is important especially in field studies where only a few parameters can be controlled.
In future studies that investigate the relation of light and daytime alertness, the seasonal effects should be further considered. Besides determining the amount of daylight that the subjects are exposed to prior to the experiments, the season itself can be a strong psychological factor. The difficulties in the interpretation of the results indicate that subjective evaluation should not be the only measure to analyze alertness. Instead, research methods that objectively assess alertness (i.e. biological markers and performance tests) need to be further developed for studying alertness objectively in real life settings. In studies with prolonged exposure to light of high intensity, it might also become essential to evaluate and to control the possible side effects, such as macula alteration and eye-strain 23) .
